ABSTRACT Experiments were conducted during three seasons to quantify the relationship between yields of late-maturing potato variety and variation in densities of second-generation larvae of the Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say), in Connecticut and to develop alternative strategies to regular insecticide applications for maintaining commercially acceptable second-generation CPB densities. In the most extreme case, after first-generation cpa densities were reduced~6 per stem, the second cpa generation attained a density of nearly 20 per stem without affecting yields. A pest management program, including different treatment guidelines for first-and second-generation larvae in conjunction with antifeedant fungicides, allowed full yield production without the need for any insecticide applications during the second larval generation. Antifeedant fungicides alone suppressed second-generation larvae well below densities necessary to cause yield reductions.
YIELDS OF MANY annual crops are most affected by defoliation during the middle of their growing seasons (Krischik & Denno 1983) , suggesting that efforts to manage defoliating insects be concentrated during this critical period. The most important defoliating insect pest of potato, Solanum tuberosum L., in eastern North America is the Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say). This insect typically has two generations annually in Connecticut, the first and second larval generations reaching peak densities in late June and mid-August, respectively. To manage pest populations, Connecticut growers have applied systemic insecticides at planting, or more recently, after plant emergence, for suppression of the first CPB generation. These growers also make as many as six foliar insecticide applications to control the second generation (Hare et al. 1983 ). An unavoidable consequence of these multiple treatments is the rapid development of resistance by the CPB to newly registered insecticides (Forgash 1985) . Hare (1980) showed that yields of a late-maturing "120-day" potato variety ('Katahdin') were not correlated with defoliation caused by the CPB during the last month of the growing season and questioned the value of continuing weekly insecticide treatments to suppress CPB populations during that time. Subsequently, Ferro et al. (1983) , working with an early-maturing "gO-day" potato variety ('Superior'), concluded that defoliation during the last 2 wk before vine kill did not affect yield, and control of CPB populations during that time was not justified economically. Seasonal variation in the sensitivity of potato to partial defoliation has been demonstrated many other times (e.g., Cranshaw & Radcliffe 1980 , Logan & Casagrande 1980 , Shields & Wyman 1984 , but no previous studies have related this differential susceptibility to variation in CPB densities tolerated by potato at different times during the growing season.
Recently, several investigators have explored the value of feeding deterrents applied to the host plants of CPB (Szentesi & Jermy 1985) . These compounds include tannins (Pospisil 1982 , Drummond & Casagrande 1985 , insecticide synergists (Silcox & Ghidiu 1986) , and some potato fungicides (Hare et al. 1983 , Hare 1984 . While all of these measurably reduce feeding in the laboratory and help to reduce population growth in the field, none provides the rapid population suppression of conventional insecticides. Although it is doubtful that any of these antifeedants can be used as a primary means of initial CPB suppression, they may be helpful in reducing the growth rates of insect populations after initial control is achieved.
The experiments described here were performed during three seasons to quantify the relationship between second-generation CPB densities and yield of 'Katahdin' potatoes. Our ultimate goal was to develop alternatives to the regular five to six weekly insecticide applications customarily made by com- The number of CPB adults and larvae were counted weekly from six randomly chosen stems (defined as the primary stem emerging from the soil and all attached secondary stems) per plot. We chose to use the stem as the sampling unit rather than the whole plant, largely because when potato plants reach full size, stems from different plants intertwine, and it is difficult to identify all the sterns for an individual plant. On 30 June, when aldicarb apparently was no longer providing sufficient CPB suppression, weekly insecticide applications were initiated. After insects were counted, fen valerate (Pydrin 2.4 [EC], Shell Chemical, Houston, Tex., 0.22 kg [AI]/ha mixed with 701liters/ha of water) was applied with a hydraulic sprayer (John Bean, Lansing, Mich.) with a hand-held nozzle at a delivery pressure of 345 kPa. Insecticide applications were continued through 26 August in treatment 4 ("maximum suppression") (eight plots) but terminated on 5, 12, and 19 August in treatments 1-3 (four plots each) to establish a gradient of secondgeneration CPB larval densities. Chlorothalonil fungicide (Bravo 500 f1owable, Diamond Shamrock Chemicals, Morristown, N.J., 1.25 kg [AI]/ha) was applied weekly to plants in all plots from 16 June through 26 August for disease protection. Defoliation was also visually estimated to the nearest 10%. Four more plots were maintained in a manner identical to those in treatment 4, from which two whole plants each were sampled weekly to monitor tuber growth. Plots within treatments were arranged in a completely randomized design. Vines were killed with dinoseb (Uniroyal Crop Protection Division, Middlebury, Conn.) on 2 September and tubers were harvested on 23 and 24 September with a one-row mechanical digger. Tubers were brushed, and all tubers from each row greater than 3.7 cm (1.5 in.) in diameter were weighed.
Experiments in 1982. The experimental design and cultural conditions for 1982 were similar to those in 1981 with the following exceptions. Seed pieces were planted on 3 May. Plots were increased to four rows each. Insect censuses were based on 25 stems chosen at random from the middle two rows of each plot starting 10 June. The standard foliar insecticide was fenvalerate + piperonyl butoxide (Butacide 8 EC, Fairfield American, Newark, N.] .) applied at the rates of 0.11 kg (AI)/ha fen valerate + 0.44 kg (AI)/ha piperonyl butoxide applied as in 1981. Weekly insecticide applications began on 24 June. Insecticide applications were continued in treatment 1 ("maximum suppression") (four plots) through 26 August. Rather than terminating foliar insecticide applications in sequential weeks in August, the last insecticide application was made in treatment 2 ("experimental") (16 plots) on 29 July. Tuber growth was not monitored. Vines were killed with dinoseb on 2 September, and tubers were harvested on 29 September. Weights were recorded only for the two middle rows of each plot.
Three other treatments of four plots each were added. Plants in the first of these (treatment 3, "antifeedant") were sprayed weekly beginning 22 June with a fungicide mixture of triphenyltin hydroxide ( (Hare et al. 1983) . Foliar insecticides were added to the fungicides whenever the mean density of CPB exceeded a provisional threshold of five larvae of all stages combined per stem ). Mancozeb alone (1.80 kg [AI]/ ha) was applied weekly for disease protection in all other treatments.
Plants in treatment 4 ("aldicarb only") were treated with aldicarb (3.4 kg [AI]/ha) at planting but were not treated with foliar insecticide. In treatment 5 ("no pesticide"), plants were never treated with any insecticide. Treatments 4 and 5 were included to document the capacity of uncontrolled first-generation CPB larvae and adults to completely defoliate and kill plants long before harvest. Experiments in 1984. No experiments could be conducted in 1983 because of heavy spring rains. Experiments in 1984 were moved to the Lockwood Farm of The Connecticut Agricultural Experiment Station. Cultural conditions were similar to those in previous experiments, except that no irrigation was provided to supplement summer rainfall. This situation is comparable with that of many commercial growers who cannot irrigate. Plots con-Vol. 81, no. 3 sisted of four lOom rows spaced 1 m apart; they were isolated from each other by 3 m of bare soil on all sides. A total of 28 plots was planted; 16 were used for other, unrelated experiments.
The 12 plots in this experiment were assigned to three treatments of four plots each. As recommended by label changes for aldicarb in 1983, aldicarb (2.2 kg [AI]/ha) was applied after plant emergence (on 4 June) for first-generation CPB suppression. Granules were broadcast over plots, then incorporated into the soil by cultivation. Insect censuses were taken weekly beginning 5 June from 25 stems per plot randomly selected from the middle two rows. Fungicides were applied after insect censuses beginning 12 June. The fungicide mixture for treatments 1 ("low TPTH") and 3 ("high threshold") was the mixture of TPTH (Supertin 4 liquid, Griffin Agricultural Products, Valdosta, Ga.) and mancozeb (0.17 + 0.90 kg [AI]/ha), while that for treatment 2 ("high TPTH") was TPTH at 0.34 kg [All/ha plus mancozeb at 0.90 kg [AI]/ha. This treatment was included to determine if the higher rate of TPTH provided significantly greater insect suppression without causing phytotoxicity severe enough to reduce yield. The insecticide mixture of fenvalerate + piperonyl butoxide (0.22 + 0.88 kg
[AI]/ha) was added to the fungicides whenever the mean density of CPB larvae exceeded five per stem in treatments 1 and 2. For treatment 3, the thresholds were 5 larvae per stem for the first CPB generation and 10 per stem for the second. Vines were killed with dinoseb on 21 August, tubers were harvested from the two middle rows of each plot on 28 August, and their weights were recorded.
In all years, developmental degree-days (DD) (base 100e) for CPB were computed from the daily maximum and minimum temperatures (Allen 1976) recorded at each site. At the end of the season, the weekly mean CPB densities of each plot were integrated over DD using a trapezoidal approximation to compute the areas under the CPB incidence curves in units of CPB DDs (Logan & Casagrande 1980) . Areas under incidence curves reflect differences in densities and persistence of populations and provide a more realistic measure of plant exposure to insects than simple weekly mean densities.
Significant variation in CPB DDs among treatments was determined by single classification analyses of variance for each generation separately and both combined. Significant variation in yield among treatments was determined by a two-level nested analysis of variance (treatments, plots within treatments, rows within plots) (Sokal & Rohlf 1981) .
The relationship between CPB DDs and mean yield per plot was determined by un weighted linear least-squares regression analysis testing the model, yield = a + b·(CPB DDs), and the null hypothesis that b = O. Weighted least-squares regression (i.e., mean plot yields weighted by the reciprocal of their variances [Steel & Torrie 1980] ) was considered but not needed, because withinplot variances were found to be homoscedastic by Bartlett's test for homogeneity of variances (Sokal & Rohlf 1981) .
Results
Experiments in 1981. Although peak CPB larval densities observed in the 19 August census (1,115 DD) differed significantly among the four treatments (F = 4.01; df = 3, 16; P 5 0.05, Fig. lA) , CPB DDs did not differ significantly among treatments in either the first or second generation (F = 2.00; df = 3, 16; P > 0.10, and F = 2.57; df = 3, 16; P = 0.09, respectively, Table 1 ). Maximum observed defoliation was only 20% for plants last sprayed on August 5 (treatment 1). Tubers nearly quadrupled in weight during the month of August (Fig. lA) .
Yields at harvest did not differ significantly among treatments (F = 1.14; df = 3,16; P > 0.25) or among replicate plots within treatments (F = 0.84; df = 16, 40; P > 0.50) ( Table 1) . Withintreatment variances were not significantly heteroscedastic (X 2 = 19.04; df = 19; P > 0.10), and the linear regression coefficient between plot yield and CPB DDs did not differ significantly from 0 (b = -0.0015 ± 0.0030; r = -0.117, Fig. 2A ). The grand mean of 52.6 mT /ha was slightly higher than that obtained by nearby commercial growers (46.0 mT /ha) from similarly irrigated fields (Hare et al. 1983) . Therefore, the three insecticide applications made after 5 August did not result in either a significant reduction in second-generation CPB densities or any significant increase in yield at harvest.
Experiments in 1982. We achieved our objective of obtaining significant differences in secondgeneration CPB DDs among treatments by terminating weekly insecticide applications in treatment 2 in late July. CPB DDs differed significantly among treatments during the first generation (F = 70.55; df = 4, 27; P < 0.001), but this probably reflected the differences between treatments 1-3 and the two treatments defoliated early in the growing season (treatments 4 and 5, Table 1 ). CPB DDs did differ significantly among treatments 1-3 during the second generation (F = 18.39; df = 2, 21; P < 0.001) and over both generations combined (F = 15.00; df = 2, 21; P 5 0.001); CPB DDs were higher in the treatment where insecticide applications were terminated in late July, as expected. The highest mean larval density (x ± SEM) was 19.5 ± 1.92 per stem in treatment 2 (Fig. IB) , and these plants were ca. 50% defoliated by 26 August. The higher second-generation larval density in the experimental treatments, compared with 1981, was the expected result of terminating weekly insecticide applications 236 DD earlier than in the earliest treatment in 1981 to allow more time for CPB population growth. Insecticides were added to the fungicides in treatment 3 ("antifeedant") following insect censuses on 24 June, 22 July, and " plants in these treatments were completely defoliated and killed before the development of the second ePB generation.
5 and 19 August (261, 610, 783, and 942 DD, respectively). Yields in treatments 1-3, in which plants survived the full growing season, did not differ significantly about their grand mean of 24.8 mT /ha (F = 0.15; df = 2, 21; P > 0.50), but did differ significantly among replicate plots within treatments (F = 6.65; df = 21, 24; P < 0.001) ( Table   1) . As in 1981, within-plot variances in yield were homoscedastic (X 2 = 17.42; df = 23; P > 0.50).
Also, as in 1981, the regression coefficient between yield and CPB DDs did not differ significantly from o (b = -0.0013 ± 0.0011; r = -0.235, Fig. 2B ).
Maximum yields were only about half that in 1981, probably as a result of slower plant growth in the early part of the season following the .ca. 30 em of rainfall between 5 and 7 June. These heavy rains, which flooded the field, may have stressed plants by leaching fertilizer and creating anaerobic conditions in the root zone lasting for at least 7 d. These heavy rains may have also been at least partly responsible for the variation in yield of plants within treatments. Plants in treatments 4 and 5 were completely defoliated and killed by 15 July (504 DD), and yields in these two treatments were 94 and 84% less than in the controls, respectively (Table 1) . From these results, we drew two conclusions. First, if first-generation CPB populations were suppressed to a larval density :$6 per stem, then the second generation naturally expanding to a peak density of nearly 20 per stem would cause only 50% defoliation and would not affect yield. Second, antifeedant fungicide mixtures, when used regularly, suppressed CPB populations sufficiently to reduce the number of insecticide applications necessary to maintain densities at or below five per stem by 50%.
Experiments in 1984. The goals of this year's experiments, to achieve equivalent tuber yield with different numbers of insecticide applications among treatments, were achieved. Insecticides were added to the fungicide mixtures three times in treatment I-on 19 June, 17 July, and 14 August (249, 633, and 1,036 DD, respectively). Only two insecticide applications were required in treatment 2; these were applied again on 19 June and 24 July (728 DDs). Only one insecticide application was made to treatment 3, again on 19 June, because secondgeneration CPB populations never reached the second-generation threshold of 10 per stem (Fig. Ie) , CPB DDs did not differ significantly among treatments during either the first or second generations (F = 0.65; df = 2, 9; P > 0.50 for the first generation and F = 1.09; df = 2, 9; P > 0.25 for the second, Table 1 ). Yield also did not differ significantly among treatments (F = 0.08; df = 2, 9; P > 0.75) but did differ significantly among replicate plots within treatments (F = 10.58; df = 9, 12; P < 0.001). Again, within-plot variances in yield were homogeneous (x 2 = 8.53; df = 11; P > 0.50). Yields were again independent of CPB DDs for all plots pooled (b = 0.0007 ± 0.0011; r = 0.183, Fig. 2C ). The higher rate of TPTH in treatment 2 produced more severe phytotoxic symptoms on plant foliage than the lower rates on treatments 1 and 3, but this phytotoxicity was not accompanied by any significant change in yield (Table 1) . Defoliation in all treatments was held below 20% during the second CPB generation.
Discussion
The significance of the relationship between potato yield and CPB DDs was first demonstrated by Logan & Casagrande (1980) . Yields of the 90-d cultivar 'Superior' declined as a linear function of the areas under the incidence curves of first-generation CPB larval populations, and the variation Vol. 81, no. 3 in CPB DDs accounted for 90-96% of the variation in potato yields. This relationship has not, to our knowledge, been applied to systems other than firstgeneration CPB attacking early-season potato varieties; thus, it may be premature to judge how general such a relationship might be. Certainly, however, one might expect this relationship to become weaker if the expansion of CPB populations were delayed until after tubers had been initiated and grown to a substantial proportion of their ultimate size (Fig. lA) . In our study, where most of the variation in CPB DDs was provided by variation in the size and persistence of the second larval generation, yields were independent of CPB DDs each year.
In 1981, the different number of foliar insecticide applications did not affect CPB DDs significantly, apparently because the populations were suppressed to such a low level that they could not expand rapidly enough to reach different densities after insecticide applications were differentially terminated. In 1982, in the treatment last treated on 29 July, CPB populations expanded to a peak density of nearly 20 per stem. This insect population caused 50% defoliation of plants, but maximum defoliation occurred shortly before the vines were to be killed before harvesting.
Shields & Wyman (1984) proposed thresholds for single-event defoliations of 'Superior' and 'Russett Burbank' potatoes based upon the percentage of defoliation each variety could withstand at different stages of plant growth. By the full-growth stage, thresholds could be increased to 75% defoliation without any yield loss. The number of insects necessary to cause this level of defoliation was not addressed, however. More recently, Martel et al. (1986) presented a sequential sampling plan based upon a season-long threshold of 20 larvae per plant in Quebec, where CPB has only one generation per year. Because each potato seed piece produces three to five (occasionally more) stems each, 20 larvae per plant may be quite close to our first-generation threshold of 5 per stem.
Such a threshold would probably not be appropriate during the entire season in Connecticut. Even in our most extreme treatment, second-generation larval populations increased to densities of 20 per stem (ca. 80 per plant), but this caused only 50% defoliation by the end of the season and no loss in yield. Insecticide applications to suppress this population may do more harm than good in terms of increasing still further the rate at which CPB develops insecticide resistance (Forgash 1985) .
Because potato varieties are known to differ in their sensitivity to defoliation (Cranshaw & Radcliffe 1980 , Shields & Wyman 1984 , treatment guidelines developed for one variety in a particular growing region may be inappropriate for other varieties or for the same varieties grown under different conditions. However, where moderate suppression of late-season CPB populations is required, antifeedant fungicides used regularly at rates labelled for disease control may be an economically viable and sufficiently effective alternative to conventional insecticides for maintaining innocuous densities of late-season CPB populations.
